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ALL RIGHTS RESERVEDABSTRACT
A depth-controlled process for the tip-based etching of highly ordered py-
rolytic graphite has been developed. This process provides unprecedented con-
trol on the dimensional parameters of the structures. Arrays of over 100 struc-
tures have been fabricated with strict tolerances on the placement, depth, and
size of each feature. Custom software provides closed-loop depth control as
well as the ability to change the fabrication parameters on-demand, immedi-
ately before each feature is made. To date, protrusions, holes, trenches, and even
words have been patterned on scales ranging from 1nm2 to 1mm2 and depths
ranging from sub nm to as deep as 200nm. A 1:5µm2 array of 100 holes was
fabricated. The average hole depth was 19:9nm  2:2nm and the average width
was 32:2nm  4:4nm. Additionally, an array of 105 trenches with two differ-
ent lengths was fabricated. The array was 3:2µm across and 2:2µm down. The
pitch in the x direction was 350nm and in the y direction was 155nm. The two
lengths present in the array had an average value of 136nm for the short lines
and 183nm for the long lines with a variation of 4.4% and 2.7% respectively.BIOGRAPHICAL SKETCH
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ixCHAPTER 1
INTRODUCTION
1.1 Overview
An automated process for on-the-ﬂy pattering of highly ordered pyrolytic
graphite (HOPG) is presented. This process utilizes a commercial atomic force
microscope (AFM) system which is controlled by custom software. The custom
software provides closed-loop depth control as well as the ability to change the
fabrication parameters on-demand.
In this thesis the materials, instruments, techniques and theories which un-
derlie this HOPG etching process are thoroughly explained. The synthesis,
properties, and applications of the major material involved, HOPG, are out-
lined. An introduction to AFM systems and their use in the surface patterning
of HOPG is given along with other surface patterning methods. The setup, fab-
rication, and post-processing steps are explained in detail for the fabrication of
both holes and trenches. The custom software implemented is explained and
its purpose justiﬁed. Proposed HOPG etching mechanisms are explored and a
viable mechanism along with supporting evidence is presented. Lastly, the ap-
plications of this HOPG etching process are presented along with further work
to be done in the ﬁeld.
11.2 Highly Ordered Pyrolytic Graphite
1.2.1 What is HOPG?
Highly ordered pyrolytic graphite or HOPG is a special class of graphite that
can be described effectively by a decomposition of its name.
Figure 1.1: STM image of graphite.
HOPG can be most closely modeled by the ideal graphite structure. HOPG
is a stack of sp2-bonded carbon atom planes with a hexagonal crystal structure
and an -ABAB- stacking sequence (See Figure 1.2). HOPG’s elasticity (See equa-
tion (1.1) is highly anisotropic and so layers of the carbon planes easily peel
off in sheets (similar to Mica). The interplane elasticity is 36:5GPa whereas the
intraplane elasticity is 1060GPa [1]. This large anisotropy makes it possible to
achieve graphite monolayers, called graphene, by a Scotch tape cleaving pro-
cess [1]. This cleaving process involves applying tape to the top surface of the
2HOPG and then carefully removing it. It is important that the tape is not ﬂexed
in the process of removing it– the tape should be lifted straight up from the
sample. Repeating this process on the removed layer can eventually result in a
graphene layer.
E =
F=Ao
L=Lo
(1.1)
 E is the Young’s modulus
 F is the applied force
 Ao is the cross-sectional area over which the force is applied
 L is the change in length
 Lo is the original length
(a) Schematic showing planar stacking of
HOPG.
(b) Top view schematic showing the hexagonal
structure of HOPG and speciﬁcally illustrating
-ABAB- stacking sequence.
Figure 1.2: Schematic showing the atomic structure of HOPG from a top
and side view.
HOPG is made by means of a pyrolytic process. Pyrolysis is the chemical
decomposition of organic material using heat. Pyrolysis occurs spontaneously
3at high temperatures and can take place with or without the presence of oxy-
gen or other reagents. In the case of HOPG a certain carbon containing ma-
terial is heated to its decomposition temperature, the liberated atomic carbon
deposits and recrystallizes on a suitable substrate. The carbon-containing ma-
terial is generally a hydrocarbon-rich gas, most commonly CH4, and pyrolysis
is accomplished in a chemical vapor deposition (CVD) furnace. The result is a
stack of highly planar graphene sheets, known as HOPG (See Figure 1.2). [2]
HOPG is highly ordered. Most graphite is poly crystalline and consists of nu-
merous micron scale grains without consistent orientation and is riddled with
defects of all sorts. HOPG has signiﬁcantly fewer and much larger grains that
have planar order rather than being randomly oriented. Commercially avail-
able HOPG is classiﬁed into different grades based on how ordered the sample
is. The measure of this order is determined by X-ray diffraction. X-ray diffrac-
tion is a technique for determining crystal structure by studying interference
patterns from planes of atoms. The position of the interference peaks as well
as their widths provide information about the structure of the sample. Crystals
with fewer defects and longer range order have narrower diffraction peaks, so
the width of the peak is an indication of the quality of the crystal. The order of
HOPG samples is reported as the mosaic spread of the sample. Mosaic spread
refers to the full width at half maximum (FWHM) of one of these peaks, the Cu-
K peak, which broadens with disorder. A smaller angle indicates larger grain
sizes and fewer defects. Commercially available HOPG is classiﬁed in to three
grades:
1. SPI-1 or ZYA (0:4 +/- 0:1) mainly used for calibration
2. SPI-2 or ZYB (0:8 +/- 0:2) used for most research
43. SPI-3 or ZYH (3:5 +/- 1:5) for non-critical or instructional use
Each of these grades contains no more than 10 impurities per million carbon
atoms and vary only in the number of defects and average grain size. [3]
1.2.2 Graphene: Single-layer HOPG
Graphene, ideally, is a single layer of graphite. Graphene is a popular and
sought after material for its electronic and mechanical properties. It is am-
bipolar meaning both holes and electrons can serve as carriers in the material.
Graphene exhibits ballistic transport on the micron scale eliminating loss due
to heat. Graphene’s Young’s modulus is one of the highest of any known mate-
rial at 1:2TPa and graphene’s mechanical and electronic properties are coupled
by a highly responsive change in conductivity as a result of strain. Graphene
sheets measuring 400µm2 can be obtained from HOPG utilizing the tape cleav-
ing method described above. [4]
1.2.3 Applications of HOPG
In addition to graphene-related applications HOPG has several applications in
its own right. It is widely used as a calibration sample for AFM systems because
of its extremely ﬂat surface [3]. It is the most efﬁcient material known for the
diffraction of both X-rays and neutrons and so is used in conjunction with these
systems [3]. It has recently been used as a substrate for basic science investiga-
tions of DNA as well as for biosensors [5]. HOPG has been used as a nanores-
onator and theorized to be capable of single atom mass detection because of its
5extraordinarily large elasticity. It can also be used in atomic electromechanical
systems, systems used for detecting quantum phenomena [6].
1.3 Surface Patterning of HOPG
Several methods have been successfully used to pattern the surface of HOPG
samples.
1. Oxygen plasma etching of structures deﬁned by conventional lithogra-
phy. This technique is limited to the resolution achievable by current litho-
graphic capabilities. It is not as readily ﬂexible as the other two methods.
[7].
2. Ablation of the HOPG surface through the use of pulsed excimer lasers.
The resolution of this method is determined by the diffraction limit of the
excimer laser, typically 300nm. [8].
3. Tip-based (AFM [9, 10, 11, 12, 13] or STM [14, 15, 16, 17]) etching tech-
niques using voltage pulses like the method detailed in this paper. These
methods have the smallest limit on feature size and are very ﬂexible, with
the ability to make run-time modiﬁcations.
The ﬁrst two presented here are very different approaches than the one pre-
sented in this thesis. The last item represents many variations of the same basic
technique employed in the research described here. Tip-based methods have
signiﬁcant advantages in resolution and ﬂexibility which ultimately led to the
decision to pursue this type of approach.
61.4 The Atomic Force Microscope (AFM)
The atomic force microscope is an adaptation of the scanning tunneling micro-
scope (STM), which measures changes in tunneling current between tip and
substrate. The main advantage of the AFM over the STM is its ability to image
insulating surfaces using either conducting or non-conducting tips. The atomic
force microscope works by measuring tip deﬂection and from that calculating
the force between the tip and the sample. Several different methods are used to
measure tip deﬂection, including: tunneling detection, capacitance detection,
optical interferometry and laser beam deﬂection. Due to the overwhelming
popularity of this last approach, only laser beam deﬂection will be explained
here. Additionally, there are two basic modes of operation for an AFM: contact
and non-contact.
Laser beam deﬂection is a simple yet effective technique for measuring tip
displacement. Figure 1.3 shows how a laser is focused on the back of the can-
tilever ( 1600µm2) and reﬂected onto a quadrature photodiode about 4cm away
to detect tip deﬂections. Displacement is measured by calculating the difference
in intensity between the top and bottom diodes and the left and right diodes
for detecting vertical and torsional displacement, respectively. Angstrom res-
olution is routinely achieved using laser beam deﬂection. Advantages of this
method over others include its: ease of implementation, minimal effect on mea-
surement, robustness to environmental conditions, and cost. Some tip displace-
ment detection techniques can signiﬁcantly affect the measurement by the very
process of measuring. Laser beam deﬂection, as listed, has a minimal effect on
the measurement itself. This is one of the major reasons for its widespread use.
7Figure 1.3: Laser beam deﬂection for AFM tip sensing. Laser is shown
reﬂecting off the back of an AFM cantilever and incident on
a quadrature photodiode. The differences in current between
the top and bottom diodes is used to detect vertical deﬂection
of the AFM tip.
Non-contact mode is accomplished by bringing the tip between 10-100 nm
above the surface. The tip is generally driven at a frequency slightly off its
resonant frequency with tip displacement amplitudes ranging from 1-10 nm.
The tip is then scanned over the sample surface or in many cases the tip is held
still and the sample is moved underneath the tip. In this mode the longer range
forces such as van der Waals forces, electrostatic and magnetic dipole forces
dominate over shorter range forces like ion-ion repulsion.
In contrast, the major force measured in contact mode is the repulsion be-
tween the positive ion cores of the tip and the sample. The other longer range
forces are not as signiﬁcant. This is because in contact mode the tip is brought
¡¡10nm above the surface of the sample. At this range wavefunctions are over-
lapping and causing repulsion. These forces have a strong tip-sample spacing
8dependence. A topographic image obtained in contact mode will show the lo-
cations of the atom nuclei rather than the electron density which is more likely
to be obtained in non-contact mode.
The mode used here in patterning the substrate is a contact, constant force
mode. This means that the tip will be very close to the sample surface and
as the sample surface is scanned below the unmoving tip a constant force is
maintained between the tip and the substrate by actuating a piezoelectric stack
attachedtothesamplestage. Thispiezoelectrictransducerwillmovethesample
closer or farther from the tip to maintain a constant force. Topographic images
can be obtained in this mode by mapping the voltage applied to the z axis PZT
as a function of x and y. [18]
The speciﬁc AFM system used in this research is a JEOL SPM-4200. This sys-
tem uses laser beam deﬂection to measure tip displacement and can be operated
in either contact or non-contact mode. The AFM tip is held stationary in the tip
holder located in the head of the machine. The tips used in this experiment are
platinum-coated, conducting AFM tips. There are 4 indicators used to align the
laser to the cantilever of the AFM tip: SUM, AFM, FFM, RMS. These 4 indicators
are explained below:
1. SUM displays the combined voltage of the quadrature photodiode. This
value helps to ensure that the majority of the laser beam is incident on the
diodes.
2. AFM displays the combined voltage of the top 2 diodes subtracted from
the combined voltage of the bottom two diodes.
3. FFM displays the combined voltage of the left 2 diodes subtracted from
the combined voltage of the right two diodes.
94. RMS displays a voltage directly related to the peak amplitude of the can-
tilever. (This is used only in non-contact mode).
These voltages are displayed by turning the dial pictured in Figure 1.4 to the
appropriate setting.
Figure 1.4: This dial is used to display the SUM, AFM, FFM and RMS pa-
rameters which are used in aligning the laser to back of the
cantilever of the AFM tip. Each of these parameters can be
modiﬁed using physical knobs or changing setting using the
SPM-scanning software.
Each of these values can be modiﬁed by turning particular knobs located on
the head of AFM or by using the SPM-scanning software. A description of how
to modify each of them is given in Section 3.0.9 where the procedure for aligning
the laser to the back of the AFM tip’s cantilever is explained.
10CHAPTER 2
MECHANISM FOR TIP-BASED ETCHING OF HOPG
Several different theories have been proposed for how HOPG is etched and
many others have been eliminated, but no mechanism is completely agreed
upon. This section will explore several candidates that have been eliminated
and the necessary criteria for a valid HOPG etching mechanism.
2.1 Previously Proposed Mechanisms
Mechanical: Gold and other materials can be etched mechanically by scratch-
ing the surface with an AFM tip [19]. This mechanism was eliminated as
a possible candidate for HOPG etching because even when the tip was
pressed 100 nm into the HOPG surface no indentation was made [14].
Thermal: The evaporation of graphite as a result of local heating has also been
eliminated as a potential mechanism. Theoretical work suggests that it
is unlikely that the necessary temperatures could be reached, especially
considering that metal-coated tips are employed [20]. This work, how-
ever, is based on a macroscopic calculation which may not be viable at
these small scales. Although the theory may be ﬂawed, experiments have
demonstrated that the heat necessary for carbon evaporation is not gen-
erated during the HOPG etching process. Metal coated tips, resulting in
high thermal conductivities, are used in HOPG etching and these tips dis-
sipate the heat too quickly for any substantial local heating to take place
[10].
Current Driven: Field-emission [21, 22] and tunneling electrons [10] along with
11electron-induced reactions [17] have also been proposed as possible mech-
anisms. None of these mechanisms can explain the etching process in the
case where the currents are in the picoamp range compared to the pre-
dicted microamp range. The proper mechanism will account for carbon
etching without relying on an electron-mediated process.
2.2 Necessary Criteria of a Viable Mechanism
In order for an etching mechanism theory to be viable it must explain the fol-
lowing observed characteristics:
Polarity dependence HOPG etching only occurs when a positive sample bias is
applied (See Figure 2.1). This same requirement has been reported nearly
unanimously throughout the literature [12, 10, 13, 11, 9, 17, 14, 15]. The
only exception reported, claims that carbon nanotubes can be cut using an
STM regardless of the applied bias polarity [16].
Bias voltage dependent behavior In addition to being dependent on the volt-
age polarity the magnitude of the applied bias also effects the results. For
voltages smaller than 4V, protrusions around 1-2 nm above the HOPG
surface are observed rather than concave pits as reported in the literature
[12, 11]. As the voltage is increased protrusions are no longer observed,
even for short processing times. The etch rate is constant over time at a
particular voltage but increases with increasing applied bias. This increase
in etch rate seems to level off at higher voltages and at voltages above 15V
the process is inconsistent and unpredictable.
Negligible or no current required The current measured during etching is in
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Figure 2.1: HOPG etching occurs only for positive sample bias voltages
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Figure 2.2: Etch rates for different bias voltages
13the picoamp range and when low voltage and high currents are applied
no etching occurs. This behavior has also been seen and tested by Park et
al. and Jiang et al [10, 13]. The only group that reports signiﬁcant current
during the etching process is the Dal-Hyun Kim group and this was in the
case of cutting multi-walled carbon nanotubes, which may or may not be
applicable to HOPG etching [22].
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Figure 2.3: The change in tip height is plotted above while the measured
current during the etch is plotted below
Meniscus necessary between tip and sample This requirement also imposes
other experimental limitations. In order for a meniscus to form between
the tip and sample a layer of water must adsorb on the HOPG surface.
For this to happen the sample must be exposed to an environment with
a certain threshold humidity. We measured this humidity threshold to
be around 40%, while this ﬁgure varies, numerous groups report that the
process is humidity dependent [12, 22, 10, 13, 11]. Thus, etching cannot
occur under vacuum or in environments devoid of ambient water vapor
as conﬁrmed by Park et al. and Jiang et al [10, 13].
14A good indicator that a meniscus has been formed is a characteristic asym-
metry in tip displacement as a function of the AFM reference voltage. If
a meniscus has formed between the tip and sample only small changes
in tip displacement will be seen as the tip is moved away from the sur-
face. This occurs because the tip is being held by the water meniscus. At
a certain point the ﬂex in the cantilever will become too great and the tip
will break free from the meniscus and a discontinuous jump in tip position
will be observed. If the reference voltage is subsequently increased the tip
position will increment steadily back towards the same position and not
exhibit this behavior.
Liquid residue surrounding etched features Although not reported in the lit-
erature, water is visible surrounding the etched features (See Figure 2.4
a). This ﬁne structure was conﬁrmed to be water by pumping down the
chamber to vacuum, when the same area is imaged under vacuum the
structure is no longer present. (see Fig. 2.4 b).
(a) Tapping mode topographic AFM scan with
water evident on HOPG surface
(b) Contact mode scan in which the water on the
surface is no longer visible
Figure 2.4: The etching process often results in a water residue surround-
ing the etched feature. This residue is only seen in the tapping
mode scan and not in the contact mode scan.
152.3 HOPG Etching Mechanism
Theprocessofgraphiteetchingisassumedtobeduetoanaqueouselectrochem-
ical oxidation and removal of the surface carbon atoms. The main graphite etch-
ing reaction is the generation of carbon dioxide [23, 15, 24]. This reaction meets
all the criteria necessary to explain the observed behavior.
C + 2H2O 
 4H
+ + 4e
  +CO2; (2.1)
2.3.1 Polarity Dependence
The above reaction is an irreversible reaction which has a region of stability for
positive sample voltages. This is best illustrated by the Pourbaix diagram for
carbon (See Appendix) [25]. Under reverse bias reverse polarities, the Pourbaix
diagram also predicts a stable carbon etching reaction. This reaction results in
the generation of methane but requires four hydrogen ions and four free elec-
trons. Although it cannot be deduced from the diagram, this is a highly im-
probable reaction. This explains why a strict polarity dependence is seen in the
HOPG etching process.
2.3.2 Bias Voltage Dependent Behavior
Through a combination of information found in the Pourbaix diagram and
chemical kinetics the bias voltage dependence of the HOPG etching process can
be readily explained. For positive sample biases the Pourbaix diagram predicts
16stable reactions for both graphite oxidation and etching. When chemical kinet-
ics are accounted for it can be shown that oxidation is favored at small voltages
and etching at large voltages. This explains why small protrusions are seen on
the HOPG surface at voltages less than 4V but above this threshold only etch-
ing is observed. In addition, the rate of equation (2.1) increases at higher sample
voltages, resulting in higher etch rates at these voltages.
Another important feature of the applied voltage dependence is that the
constant-voltage etch rate is unchanging as a function of time. The amount
of solvent involved in this reaction is very small so its molal ionic strength (a
measure of ion concentration weighted by charge) can be easily changed. Even
with the small amounts of carbon involved the molal ionic strength of the re-
maining solvent should increase dramatically according to equation (2.1). Since
the molal ionic strength strongly affects the rate of reaction, the etch rate should
change by orders of magnitude as a function of time even if the voltage is con-
stant. The reason that this is not observed is because the hydrogen ions and the
free electrons readily combine and are released as hydrogen gas.
2.3.3 Negligible or No Current Required
In contrast to many of the proposed reactions referenced above, Equation (2.1)
does not require electrons in order to occur. Additionally, because the resulting
hydrogen ions and free electrons readily combine and are dissipated as hydro-
gen gas minimal current is predicted. This feature closely resembles what is
observed in experiment. Only at larger voltages, where these ions and electrons
are strongly attracted to the tip and substrate, respectively, is a measurable cur-
17rent predicted.
2.3.4 Meniscus Necessary Between Tip and Sample
The water necessary for (2.1) to occur comes from the meniscus that forms be-
tween the carbon surface and the scanning probe tip. This explains why HOPG
etching does not occur under vacuum. An adsorbed water ﬁlm is present on
graphitic surfaces even at humidities as low as 15% and this layer increases in
thickness with increasing humidity [26]. This explains why varying humidity
thresholds have been reported. Meniscus formation is easier at higher relative
humidities, but it is possible across a wide range of humidities.
2.3.5 Liquid Residue Surrounding Etched Features
The presence of water on the HOPG surface is not expected because graphite is
hydrophobic. The reason that water is found after the etching process requires a
two-part answer. First, applying a positive bias to the carbon sample can result
in etching but it can also result in oxidation. Graphene oxides, as opposed to
carbon, are hydrophillic which would contribute to the increased wettability
of the surface [27]. Secondly, graphite’s wettability may also be raised by an
increased acidity caused by the formation of carbonic acid and carbonates also
predicted by the carbon Pourbaix diagram.
C + 3H2O 
 H2CO3 (2.2)
C + 3H2O 
 HCO
 
3 + H
+ (2.3)
C + 3H2O 
 CO
  
3 + 2H
+ (2.4)
182.3.6 Unpredicted Carbon Deposition
One unexpected feature observed during the etching process is the accumula-
tion of carbon on the AFM tip. Energy dispersive x-ray spectroscopy with an
electron beam microprobe was used to conﬁrm the deposited material to be car-
bon and techniques discussed in 3.1.5 are applied to mitigate the problem, but
a good explanation for why it occurs is still unclear. According to equation (2.1)
the etch should happen cleanly, without carbon build up. However after several
hundred hole etches, without mitigation, the deposited carbon is clearly visible
in an SEM image of the tip.
19CHAPTER 3
METHODS
The setup includes an atomic force microscope system using platinum-coated
tips and controlled via an external program. The tips are prepared before hand
to improve their durability and reliability. The HOPG is cleaved and loaded
into the system. The AFM is setup and then controlled by a custom program for
the fabrication process. Imaging is done using the AFM and the same tip used
for fabrication.
3.0.7 Tip Preparation
(a) Schematic of AFM tips used (b) An SEM image of an
AFM tip like those used in
the presented research.
Figure 3.1: An SEM image of an AFM tip like those used in the presented
research. This image is available from the AFM tip manufac-
turer.
The AFM tips used are commercially-available, platinum-coated, silicon tips
(Mikromasch CSC11/Pt). AFM tips consist of three components, usually etched
out of a single piece of silicon: the probe chip, the cantilever, and the tip itself.
The probe chip is 1:6mm by 3:4mm and acts as a holder for the cantilever and
20tip. The cantilever in this case is consists of 2 beams connected to form a trian-
gle and each leg of the triangle meets the probe chip at 45. The height of the
triangle is 200µm, the width of each leg is 40µm and it is 1µm thick. At the
apex of the triangle a tip is located. The tip has a conical shape and descends
20-25µm below the cantilever. The end of the tips is made to be as sharp as pos-
sible to provide good resolution. The initial tip radius of the platinum coated
tips is 25nm. A major issue in using AFM tips in contact mode is wear on the
sharp point as the tips tend to become less sharp with use. This change in the tip
surface and geometry can lead to inconsistent etching. To address this issue, the
tips are blunted prior to use by repeated scanning along an HOPG surface using
the AFM in contact mode. Twenty raster scans over a 500nm2 area is sufﬁcient
to blunt the tips to a radius of approximately 50nm. Once the tips are blunted
they are more resilient to further deformation. This results in more consistent
etches because the tip shape is more constant throughout the procedure. Ad-
ditionally blunted tips more reliably etch the HOPG surface because they more
easily form a meniscus between the tip and the surface. This is a requirement of
the mechanism responsible for tip-based etching of HOPG, which is discussed
in greater detail in section 2.3.
3.0.8 HOPG Preparation
A thin ﬁlm of research grade HOPG ( 200nm) is adhered to a piece of double-
sided copper tape and then attached to the stage mount. This is accomplished
by ﬁrmly pressing a piece of copper tape against the surface of a 10 x 10 x 2 mm
sample of HOPG. The tape is removed at a slow, constant speed, while minimiz-
ing any bending of the copper tape. Once a ﬂat HOPG surface, with minimal
21(a) A scanning electron
microscope (SEM) image
showing tip shape and size
prior to any processing
(b) SEM image of the same
tip after 20 contact-mode
scans over a 500nm2 area
(c) SEM image of the same
tip after etching 60 holes in
HOPG sample
Figure 3.2: SEM images of an AFM tip at various stages
protruding ﬂakes of graphite, is achieved it is attached to the AFM stage mount
using the other adhesive side of the copper tape (see ﬁgure 3.4). Copper tape is
used because it is conductive and so the sample can be easily biased, it is also
double-sidedso itcanbe usedtoboth cleaveandmount the sample. The bottom
and the two sides of the stage mount which will be in contact with the mount
holder are then covered in an electrically isolating tape (not the copper tape).
This tape can be seen on the front side of the stage mount in ﬁgure 3.3(a). Fig-
ure ?? show the two sides of the holder in contact with the stage mount. These
sides must be electrically isolated from the stage. This allows the HOPG sample
to be biased with respect to the tip. The stage mount is then loaded into the
AFM system and wires are connected to the stage to apply bias voltages.
3.0.9 AFM Settings and Operation
The tip is carefully loaded into the tip holder in the head of the AFM ensuring
that it sits ﬂush and square against the back of the tip mount. Once this is ac-
22(a) HOPG Sample mounted
on AFM stage mount. Al-
though the sample looks
very rough it is locally ﬂat.
A typical grain size for
HOPG is about 10µm2. Over
regions this size the HOPG
is atomically ﬂat.
(b) AFM head without
HOPG sample. Note the
laser which is used for
detecting tip deﬂection.
(c) AFMheadwithmounted
HOPG sample loaded
Figure 3.3: Different stages of preparing and loading an HOPG sample
into the AFM
complished the laser must be aligned to the back of the cantilever. The JEOL
SPM-4200 has 4 knobs that are used in this alignment: AFM, which affects the
voltage difference between the top and bottom photodiodes, turning this knob
moves the quadrature photodiode up and down; FFM, which affects the voltage
difference between the left and right photodiodes, turning this knob moves the
quadratures photodiode left and right; X, which moves the laser beam in the
x direction (perpendicular to height of the triangular cantilever); and Y, which
moves the laser beam in the y direction (parallel to the height of the triangular
cantilever). The position of each of these knobs is shown in ﬁgure 3.4. An-
other parameter used in the alignment process is SUM, which is the total signal
from the 4 photodiodes. The alignment procedure is accomplished using these
4 knobs in the following manner:
1. Roughly align the laser to the tip-end of the cantilever using the optical
scope. The laser should be visible on the HOPG surface and can be moved
using the x and y knobs until it is incident on the back of the cantilever.
232. Maximize SUM (SUM is the total signal from the 4 photodiodes) by mov-
ing the laser in the x direction. This will horizontally center the deﬂected
beam on the quadrature photodiode.
3. Move the laser in the y direction until a SUM value of 3 V is reached.
Limiting the SUM value to 3 V helps to ensure that the laser is focused
toware the tip of the cantilever rather than closer to the probe chip.
4. Adjust the AFM knob (moves the quadrature diode up and down) using
large dial on side to  2:7V.
5. Adjust FFM knob (moves the quadrature diode left to right) using front
dial on head to 0.
6. Iterate steps 2 through 5 until FFM= 0 and AFM=  2:7 and SUM> 3
(a) X and Y knobs used for aligning laser to the
back of the cantilever.
(b) AFM and FFM knobs used to adjust the po-
sition of the quadrature photodiode
Figure 3.4: The placement of the four knobs used for aligning the laser to
the back of the cantilever.
Once the laser is aligned to the back of the cantilever the rest of the AFM set-
tings must be made in the SPM parameters window. The Advanced tab must be
used for this portion because the preconﬁgured modes do not provide enough
24options. The STM/AFM must be set to slope, which is the non-contact mode, for
the following steps. First, the resonant frequency of the tip is determined by a
VCO scan. The frequency at which the tip is driven is then tuned within 0:5Hz
of this frequency and the Output Amp/ V is adjusted so that the RMS value is
approximately 4V.
The tip can now be brought in contact with the sample. While the AFM is
still in slope mode lower the tip until topographic images with a total height dif-
ference less than 5 nm are obtained. The AFM is now switched to contact mode
and the sample is approached slowly once again until the tip is in contact with
the sample. This is determined again by monitoring the total height difference
across a topographic scan of the surface. Doing the initial approach in tapping
mode minimizes tip damage. Once the tip is in close proximity to the sample
the ﬁnal approach can safely be made in contact mode. Various voltages, from
4-10 V, are then applied to the sample, using the commercial software, to ensure
that etching occurs and to optimize the bias voltage.
3.0.10 LabVIEW-AFM Interface
After this initial setup the rest of the process was done entirely through custom
LabVIEW software. LabVIEW is a visual programming environment commonly
used for data acquisition and instrument control. The primary reason for imple-
menting this external control was because consistent etch depths could not be
obtained by only controlling the time of the etch. For a depth variation of 10%
the etch time varied 83%. With this amount of variation, it would be impossible
to control the etch depth by only controlling the etch duration. Our custom soft-
25ware was implemented in order to achieve greater depth uniformity by using
a feedback control loop. The software reads the current voltage on the z-axis
PZT and terminates the etch when the desired set point is reached. To further
increase uniformity, the voltage applied to the sample is decreased as the z po-
sition gets closer to the desired depth. This decrease in voltage slows down the
etch rate towards the end of the process so that it terminates closer to the actual
set point.
All of the distance parameters in the LabVIEW program are expressed in
voltages which are applied to piezoelectric actuators. When high voltages are
applied across these actuators the piezoelectric material changes width. Volt-
ages 15 times larger than those inputed on the front panel will be added to the
voltages already applied to the x, y, or z piezo-electric scanner. Since positioning
of the sample with respect to the tip can also be done using the included soft-
ware, it is important to realize that the total voltage applied to the piezo-electric
scanner is the sum of the voltage from both the internal and external source. The
maximum voltage that can be applied to the piezo stacks is 150V. So if no volt-
age is applied internally the voltages in the LabVIEW program can be no larger
than 10V. Relating these voltages to actual distances is not as straightforward
as expected. If the piezo-stacks were completely linear then the conversion be-
tween voltage and distance could be easily calculated. These theoretical values
are 1mV = 1:33nm in the x and y directions and 1mV = 0:45nm in the z direc-
tion. The z direction piezo has a smaller maximum travel, 4:47µm, than the x
and y direction piezos. This smaller range is traded for greater accuracy and
smaller absolute displacements. For this reason the conversion factor differs
from the x and y piezo stacks which each have a maximum range of 26:7µm.
The piezo stacks have non-linearities in them and so the actual relationships
26between the voltage and displacement vary and are represented in Figure 3.5.
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(a) The actual measured depth in nm as a func-
tion of the piezo voltage change in mV
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(b) The measured displacement in nm as a func-
tion of the x and y piezo voltage change in mV
Figure 3.5: Relating actual distances in the x, y, and z directions measured
in nm to the change in piezo voltage applied to the respective
piezo stacks.
Voltages are measured and applied between the AFM system and the Lab-
VIEWprogrambymeansofaNationalInstrumentsDataAcquisitionboard(NI-
DAQ). The z-axis PZT voltage is monitored by LabVIEW in order to determine
when the depth set point has been reached. The x and y piezo voltages are con-
trolled by the LabVIEW program in order to move the tip in the x-y plane for
the fabrication of arrays and trenches. The bias voltage is also controlled by the
program but because NI-DAQs are limited to a maximum voltage of 10 V, the
voltage from the DAQ is doubled, using a voltage doubling circuit,before being
applied to the sample. This allows for a maximum voltage of 20 V. Generally
etching is done between 7 and 14 V.
The LabVIEW front panel displays data during the etching process and
records data following each batch. During fabrication the front panel displays
the number of features fabricated, the total number to be fabricated, the ini-
27tial z position of the current feature, the depth set point, and several timers.
Data is saved as two text ﬁles, one containing the etch times of each feature and
the other the z position as a function of time for each individual etch. The ﬁle
numbers associated with these text ﬁles are incremented automatically by the
program.
3.1 Fabrication
All of the structures we make in HOPG are fabricated in contact mode and are
deﬁned by pixel coordinates and etch depths. The simplest structure is a pit or
hole which consists of a single pixel and a particular etch depth. In addition to
the pixel coordinates and etch depth, many other parameters are used to fab-
ricate HOPG structures. These settings can be broken down into three types:
displacement voltages, applied bias voltages, and measures for combating hys-
teresis. The ﬁrst two types will be treated as they are used in the fabrication of
the various structures. The third type will be treated in Section 3.1.4.
3.1.1 Holes
Holes are fabricated by entering one 0 in the Hole Positions array found on the
labview front panel (See Figure B.1) and entering the desired cut depth. As
long as the x and y array numbers are both set to 1 this will create a single
hole. The hole will be located wherever the tip was when the fabrication was
initiated. The actual depth of the hole can be estimated by using the linear ﬁt
equation in ﬁgure 3.5(a). There are several bias voltage parameters that can be
28used to control hole fabrication: max bias, min bias, fraction of etch to min bias
and Vbias extra. All of these can be varied at any point during the fabrication
process. The maximum bias is the initial voltage and the minimum bias is the
ﬁnal voltage applied to the sample. These two voltages also deﬁne the range of
voltages that is applied to the sample over the course of the etch. The fraction
of etch to min bias is the fraction of the total etch depth at which the minimum
voltage will be applied for the duration of the etch. Vbias extra is only included
as a convenient way of increasing the maximum and minimum voltages at the
sametimeduringfabrication. Thisvoltageshouldbesettozeroatthebeginning
of the fabrication and used to adjust the etch rate so it remains constant.
(a) Topographic AFM scan of a single hole
etched in HOPG
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(b) Proﬁle of the hole in ﬁgure 3.6(a)
Figure 3.6: Hole etched in HOPG
3.1.2 Trenches
A trench is a series of overlapping holes made to a common depth. The length
of a trench is determined, in part, by its depth, the pixel conversion setting, and
most predominantly by the number of pixels. Deeper trenches will be longer
29because the width of the holes are coupled to their depth (see ﬁgure 3.7). To a
certain extent trenches can be lengthened or shortened by adjusting the spacing
between the holes. However, if the spacing is too large the holes will no longer
overlap and a trench is not formed. On the other hand, if the spacing is too small
then the trench becomes one giant hole. The best way to adjust trench length is
by increasing or decreasing the number of holes that make up the trench.
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Figure 3.7: The relationship between changes in the voltage applied to the
z piezo during etching and the width of the resulting hole is
illustrated.
The number of pixel locations entered into the Hole Positions array will be
the number of holes used to form the trench. The spacing between each of these
holes is deﬁned using the Pixel Conversion setting. This voltage can be con-
verted to an actual spacing using .The holes are fabricated in the order in which
they are listed. To fabricate a trench N pixels long, the pixels should be listed
in the Hole Positions array as follows f0;N   1;1;:::;N   2g. Endpoints are listed
ﬁrst, followed by the intermediate pixels starting with the second one. When
30the endpoint holes are etched ﬁrst, a more consistent length and a more uni-
form depth are achieved. The length is more consistent this way because the
width of each hole is a function of the depth (see ﬁgure 3.7). Since the holes
are overlapping, if they were etched in sequential order the same depth would
not be etched at each point. Because the change in height is what is controlled
not the absolute depth, the trench would get deeper with each successive hole.
The overlap of the holes would result in each etch beginning slightly deeper
and then etching down from that point the same distance as the previous hole.
However, if the endpoints are etched ﬁrst and a slope between the z positions
at the bottoms of each endpoint hole is calculated. The slope is used to deter-
mine the depth setpoints for each of the intermediate holes to ensure a uniform
depth regardless of sample tilt. This method also increases the consistency of
the trench length.
(a) Topographic scan of a single trench using
AFM
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(b) Proﬁle of the length of the trench in ﬁgure
3.8(a)
Figure 3.8: Trench etched in HOPG
3.1.3 Arrays
Arrays of holes or trenches can be fabricated automatically using the LabVIEW
program. The array x and array y num variables set the number of features
that will be fabricated in each direction. The Array x and Array y Separation
31voltages deﬁne the distance, in voltage, between the beginning of one feature
and the beginning of the next feature along the respective axis. All of the same
settings for holes and trenches are available in array fabrication. When making
arrays of trenches two different trench lengths can be entered. The program will
display the total number of features being attempted and the current feature
being etched in real time.
(a) Proper sequence for fabricating rows of
features etched in HOPG
(b) Improper sequence for fabricating rows of
features etched in HOPG
(c) Results of Proper Technique (d) Results of Improper Technique
Figure 3.9: A comparison between a raster scanning technique and a non-
rastered scanning technique for etching multiple rows of fea-
tures.
323.1.4 Hysteresis
There a number of settings in the program designed to decrease the unwanted
effects of hysteresis. Hysteresis is a common problem which plagues all open-
loop systems which utilize piezo-electric scanners. There are three methods
implemented in the program to minimize hysteresis: non-rastered scanning,
pauses and backlashes. The program is automatically conﬁgured to scan in a
non-rastered fashion. This greatly reduces hysteresis as illustrated in Figure 3.9.
The pause simply stops the program execution for a certain amount of time this
allows the tip time to settle. The backlash moves the tip in both the negative x
and negative y directions the amount speciﬁed and then the tip is returned. This
removes accumulated charge from the piezo stack. Note, the farther the piezo
has traveled in one direction the more exaggerated the effects of hysteresis are.
For this reason the New Row pause and New Row backlash variables have the
largest effect. (New Row refers to the after a full row is completed and the
tip has been returned to a position directly below the ﬁrst fabricated structure).
Backlash can be also be added after each hole and each line but no beneﬁts have
been observed from doing so.
3.1.5 Tip Cleaning
Carbon deposits on the AFM as a result of the HOPG etching process. These
deposits increase the tip diameter resulting in poor imaging and increased fea-
ture sizes. These deposits can be removed by applying a large, negative, sample
bias– opposite in polarity from the voltages used for etching. Since etching is
polarity dependent these large reverse biases do not damage the sample. In fact,
33this process was used by Spinney, et al. [28] for carbon deposition onto a gold
surface. No visible amount of carbon is deposited in the reverse bias because
AFM images of the HOPG surface before and after cleaning the tip are iden-
tical. This cleaning process is done after each hole is fabricated. The voltage
and duration can be set on the front panel of the LabVIEW program. Clean-
ing at  10V for 3s has been shown to maintain a clean, sharp tip over several
hundred etches.
(a) SEM image of an AFM tip shows evidence
of carbon deposition as a result of the etching
process.
(b) SEM image of an AFM tip where a reverse
bias was applied periodically during the fabri-
cation process. No carbon deposits are visible
Figure 3.10: Reverse bias as an effective tip cleaning method
3.2 Imaging
The structures are fabricated and imaged using the same tip. Although fabrica-
tion must be done in contact mode, the surface can be imaged in either tapping
or contact mode. Each option has different advantages and disadvantages. Tap-
34ping mode shows ﬁner details including a small liquid residue which is formed
along the rim of the etched structures (see ﬁgure 2.4). Contact mode does not
capture this residue but it produces images that are easier to use for measuring
feature dimensions. The difference between these two modes should be a guide
in choosing which mode to use for imaging.
3.3 Measuring
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Figure 3.11: Thefullwidthathalfmaximumlengthofatrenchismeasured
in the following way:
FWHM= x value of (D C
2 +C)   x value of (A B
2 + B)
The dimensions of the fabricated structures can be measured using the Jeol
SPM software or using Gwyddion, an open source alternative. Each of these
software packages include the ability to measure depths, lengths, and widths.
In measuring depth, the distance between the lowest point in the feature and
the surface (avoiding the ridge formed around the perimeter) is measured on
either side and averaged. Lengths and widths are both measured as Full Width
Half Maximum (FWHM) values. This method for measuring the dimensions
proved to be the most accurate and least biased.
35CHAPTER 4
RESULTS
4.1 Holes and Arrays of Holes
Using the technique outlined in Chapter 3 an array of 100 holes was fabricated.
The array is 1:5µm2. The pitch is 150nm in the x and y directions. The holes have
an average depth of 19:9nm  2:2nm and an average width of 32:2nm  4:4nm.
The average time to etch each hole was 19:6s  6:4s.
The following parameter values were used in the fabrication of this array:
Table 4.1: Hole Fabrication Parameters
Parameter Value
Max bias 6 V
Min bias 5 V
Cut depth .18 V
New row backlash 720 mV
New row pause 30 s
X separation 180 mV
Y separation 180 mV
36Figure 4.1: AFM topographical image showing a 10 x 10 array of holes
etched in HOPG. The array is 1:5µm2 and the average hole
depth is 19:9nm  2:2nm.
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(a) Histogram showing the number of holes
within a certain range of depths. Each of these
holes was fabricated by applying
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(b) Histogram of hole FWHM diameters
Figure 4.2: Distributions of hole depths and diameters
374.2 Trenches and Arrays of Trenches
Using the technique outlined in Chapter 3 an array of 105 trenches with two
different lengths was fabricated. The array is 3:2µm across and 2:2µm down.
The pitch in the x direction is 350nm and in the y direction is 155nm. The two
lengths present in the array have an average value of 136nm for the short lines
and 183nm for the long lines with a variation of 4.4% and 2.7% respectively. The
time to etch the 136nm lines was 38:1s per line and for the 183nm lines the etch
time was 47:4s per line. Included in this time is a 3 second pause between each
hole.
Table 4.2: Trench Fabrication Parameters
Parameter Value
Max bias 11.5 V
Min bias 10.5 V
Cut depth .16 V
Pixel Conversion .055 V
New row backlash 720 mV
New row pause 30 s
X separation 180 mV
Y separation 180 mV
38(a) Array of trenches (b) Section of array
Figure 4.3: AFM topographical images showing 105 features arranged in
a 7x15 array. Two different trench sizes were randomly chosen
prior to the fabrication of each trench. The ﬁrst trench size was
3 holes long and the second trench size was 4 holes long. The
average length for the ﬁrst trench was 136nm  6nm and the
average length for the second trench was 183nm  5nm
.
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(a) Histogram showing the distribution of the
3-hole trench lengths.
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(b) Histogram showing the distribution of the 4-
hole trench lengths.
Figure 4.4: Distributions of lengths for short and long lines.
39Figure 4.5: Proﬁle showing the length and depth of a typical short and
long line.
Figure 4.6: Distribution of depths for etched lines
40Consistently placing features precisely relative to other structures is a con-
tinual struggle as a result of intrinsic properties of piezoelectric materials: non-
linearity and hysteresis. The response of the x and y piezos are not linear over
their entire range. Restricting the amount of travel in x and y will keep posi-
tioning within the linear regime and thus make it more precise. The other issue,
hysteresis, can be greatly reduced by always approaching the desired feature
position from the same direction. This technique for reducing the effects of hys-
teresis is illustrated in Figure 3.9. Additional information regarding fabrication
problems are addressed in Appendix A.
41CHAPTER 5
DISCUSSION
5.1 Effect of Etch Rate on Feature Quality
The feature quality is directly affected by the etch rate. There is an optimum
etch rate at which the highest feature quality is achieve. If the etch rate is too
high it results in inconsistent dimensions and more tip damage, possibly due to
more mechanical damage and deposited carbon. Etching too slowly, however,
drastically increases fabrication times, and the increased time allows longer lat-
eral drifts in tip position resulting in degraded feature quality. In addition, the
graphite may undergo oxidation rather than etching as described above.
5.2 Temperature Dependence
The feature size is determined by the size of the meniscus that forms between
the scanning probe tip and the HOPG surface. The meniscus size is mainly de-
termined by environment, probe parameters, and tip height [29]. However, the
feature size can be decreased by the HOPG temperature. As the temperature
of the HOPG surface increases, the evaporation rate at the edges of the menis-
cus increases, resulting in a narrower meniscus and smaller feature size. The
data is shown in Figure 5.1, where a 35oC increase in HOPG temperature results
in a 24% decrease in the full width half maximum of 24 nm deep holes. The
Arrhenius equation predicts an increase in the etching rate as the surface tem-
perature is elevated. Instead, the etching rate slows at higher temperatures due
42to increased instability of the meniscus. The thermally-reduced meniscus yields
smaller feature sizes but with increased etch times.
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Figure 5.1: The top graph shows that the time to etch the same size fea-
ture increases with increasing temperature. This is a result of
the meniscus instability at elevated temperatures. The bottom
graph illustrates the decrease in feature width as the tempera-
ture increases. This shows that the decrease in meniscus radius
at higher temperatures translates in to smaller features.
435.3 Conclusion
Consistent nanometer-scale fabrication techniques for carbon-based materials
will aid in a variety of applications across several ﬁelds of study. AFM systems
are used routinely to move nanotubes, molecules, and other small particles the
ability to ﬂexibly pattern the substrate with the same system provides a lot of
power.
DNA has been shown to reliably form networks and ﬁlms on HOPG sur-
faces. AFM systems are the predominate method for studying adsorbed DNA
and can also be used for genomics and DNA sorting. One goal of the biology
community is to perform nanomechanical measurements on suspended DNA.
A scheme to etch away the HOPG surface releasing DNA membranes for this
sort of measurement could be realized using this etching method. [30]
Carbon-based materials have also been the substrates of choice for many
new biosensors. Carbon nanotubes, graphene and HOPG have all been used in
the development of biosensors. This novel method provides a very ﬂexible way
to pattern these devices. [31]
Graphene and multi-layer HOPG are also good candidates for mechanical
resonatorsbecausetheirlargeelasticitytranslatesintohighfrequencyoperation.
One of the challenges in this ﬁeld is deﬁning the resonators using conventional
lithography techniques because consistent coverage of graphite ﬁlms this thin
at the wafer-scale is not currently achievable. Since masks are not used in this
novel HOPG etching technique, each wafer can be patterned according to where
the best ﬁlm has been deposited instead of making a custom mask for each
sample. [32]
44Perhaps the most compelling application for this AFM-based etching pro-
cess is fabricating graphene nano-ribbons (GNR). The necessary resolution for
this application is not achievable yet but improvements may make this tech-
nique viable for deﬁning GNR devices. The electronic properties of GNR’s vary
dramatically (semi-conducting to metallic) with the exact atomic width of the
channel [33]. This feature makes atomic resolution necessary to use GNR’s in
any practical device. With a current minimum feature size of 1nm this level of
resolution is not out of the realm of possibility.
45APPENDIX A
TROUBLESHOOTING
The methods chapter explains the basic process. The process, however, has
many uncontrollable variations which makes it very difﬁcult to simply repeat
thesesteps. Inthissectionthesevariables, theproblemstheycause, andpossible
solutions will be discussed.
A.1 No Etch Even at High Voltages
If no etching occurs at 10 V then the process is not working normally. There is no
single solution that will solve this problem but there are a number of things that
can be tried. First, check to make sure that the z piezo is maintaining a constant
average value. Second, scan the surface then move the tip over and scan again.
Make sure that features from the ﬁrst scan are still present in the second scan.
If they are not, then the tip is not in contact with the surface and the tip should
be moved closer to the sample surface. Third, check all of the connections and
make sure that nothing is disconnected.
A.2 Z Piezo Drift
After the ﬁnal approach has been made in contact mode often the z piezo volt-
age will not remain constant. As long as the average value is constant then this
is not a problem but if the piezo voltage is steadily increasing or decreasing the
etching process will not work. This is can caused by charge buildup in the piezo
46stack. When the tip is retracted using the ”tip retract” feature on the JEOL high
voltages are applied to the stack to keep the tip retracted. If the tip has been in
this retracted state for a long time the piezo will take a very long time to settle
sometimes multiple hours.
The best thing to do is to shut the machine completely down and come back
in a few hours. This allows the excess charge to drain off the PZT. If the problem
persists then try and make sure that minimal voltage is being applied to the
piezo. There are two mechanisms used to approach the tip to the sample, the
stepper motor and applying voltage to the z piezo stack. The stepper stage is
used for course adjustments in height and the piezo stack for ﬁne adjustments.
Ideally, when the tip is approached the piezo voltage should be negative and
once it is brought close to the stage using the stepper motor the piezo voltage
can be increased towards zero to make contact with the sample.
A.3 X,Y Piezo Issues
There are two major issues associated with the x and y piezo stacks, linearity
and hysteresis. The response of the x and y piezo stacks are not linear over
their entire range. From experience, it seems that they are mainly linear within
a 4µm2 square centered at the origin. However, even within this range there are
substantialhysteresis effects. The bestway tominimize theseeffects isto always
begin from the same side when making features. The proper and improper
technique are illustrated in Figure 3.9. In addition to scanning in this manner,
increasing the backlash also help decrease the hysteresis effects.
47A.4 Coupling of Channel Signals
The demultiplexer in the NI-DAQ is unable to handle sample rates much higher
than 20MHz. If the sample rate is higher than this, charge will accumulate and
as the different channels are sampled some of the previous signal will be in-
corporated into the next channel. For example, consider the z piezo is being
monitored on channel 1 and the bias voltage is being applied via channel 2. If
the sample rate is above 20MHz, a large amount of ﬂuctuation can be seen in
the applied bias as a result of residual charge from the z piezo voltage. This
problem is easily solved by reducing the sampling rate to the proper value.
A.5 Etch Stops During Fabrication of Large Array
During the fabrication of large arrays for some reason etching will slow dra-
matically or even stop as the tip moves farther from the initial position. This
could occur for a variety of different reasons including variations in the: tip
shape and surface, tip-sample separation, environment, applied bias, etch time,
and temperature. The etching generally resumes with an increase in applied
bias voltage and/or moving the sample closer to the surface by changing the
reference voltage.
48APPENDIX B
LABVIEW PROGRAM
LabVIEW is a platform and development environment for a visual program-
ming language from National Instruments. LabVIEW is short for Laboratory
Virtual Instrumentation Engineering Workbench. Each program consists of two
components the front panel which serves as the user interface and the block dia-
gram where the program is written. This chapter includes the front panel which
displays the parameters that can be set by the user and contains images of the
block diagram program.
The program itself consists of 3 major loops which run in parallel. Figure B.2,
the ﬁrst of these loops, applies the sample bias and the x, y, and z piezo voltages.
Figure B.3 reads the current z piezo position which corresponds to the current
tip height. This is monitored during the etching process so that the etching can
be terminated when the tip reaches a certain depth. Figure B.4 is the third and
largest loop which does everything else. The rest of the block diagram ﬁgures
include all the embedded loops in this third loop. Some of the ﬁgures include
captions if additional explanation is needed.
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